Phosphorylation via PKC regulates the function of the Drosophila odorant coreceptor by
Following the discovery of olfactory receptors (ORs) in 1999 (Clyne et al., 1999; Vosshall et al., 1999) , our understanding of the first steps in olfactory coding in Drosophila melanogaster has grown exponentially.
The expression of ORs follows the general rule of one OR to one olfactory sensory neuron (OSN). Characterization of ORs, OSNs, and their locations in different sensilla at OR organs (i.e., antennae and maxillary palps) has been completed (Hallem and Carlson, 2004; Vosshall and Stocker, 2007) . Moreover, the map of neuronal connections made into specific glomeruli of the antennal lobe has also been reported (Fishilevich and Vosshall, 2005) . This structural description of olfactory sensory elements has been followed by the functional characterization of the olfactory profiles of different ORs expressed in the so-called "empty neuron" system (Hallem and Carlson, 2006) as well as in their native OSNs (de Bruyne et al., 2001; Hallem et al., 2004) . Particular attention has been paid to the transduction process that converts the odor signal into a pattern of spikes in the OSNs. It was found that the ligandbinding ORs and their common OR83b coreceptor (now renamed Orco; Vosshall and Hansson, 2011) , which form a heterodimer, exhibit an inverted topology compared to other G protein coupled receptors (Benton et al., 2006; Lundin et al., 2007) . In 2008, two papers published in Nature reported the use of heterologous systems transfected with Orco and one of the ORs to show that this heterodimer can act in an ionotropic manner (Sato et al., 2008; Wicher et al., 2008) . However, one of these papers also reported an additional metabotropic component that was dependent on G proteins (Wicher et al., 2008) . Another article using the same techniques also supported the ionotropic model (Smart et al., 2008) . Reports using genetically modified flies with mutated G proteins either supported (Kain et al., 2008; Chatterjee et al., 2009; Deng et al., 2011) or argued against (Yao and Carlson, 2010 ) the metabotropic component in the function of the OROrco heterodimer. Two hypotheses have been proposed to explain these results. It is possible that the insect ORs may be mixed ionotropic-metabotropic receptors (Wicher, 2010) , or alternatively, insect ORs may be metabotropically modulated ionotropic receptors (Nakagawa and Vosshall, 2009) .
In the article published in Frontiers of Cellular Neuroscience vol. 5, June 2011, the group of Wicher and Hansson present new and interesting data that further our understanding of how the OR + Orco heterodimer functions by studying the regulation of one of its components, the Orco channel (Wicher et al., 2009) . In this report, the authors show that the Orco channel activity is regulated by phosphorylation via protein kinase C (PKC), which is activated by the phospholipase C (PLC) intermediate in the inositol 1,4,5-triphosphate/diacyl glycerol (IP3/DAG) transduction cascade. Wicher and Hansson employ a multidisciplinary approach, including the use of cells in culture transfected with the Orco gene to study the channel's sensitivity to cyclic adenosine monophosphate (cAMP) in the presence of different activators and inhibitors. These experiments show that G proteins do not activate the Orco channel and that DAG, but not IP3, directly affects the activity of this channel. Similar results concerning the importance of DAG as second messenger have been described in the visual transduction system of insects (Hardie et al., 2002) . However, a more indirect role for IP3 in olfactory transduction cannot be excluded because changes in the expression of IP3kinase1 in OSNs have been reported to affect olfactory perception (Gomez-Diaz et al., 2006) . In this case, the authors show evidence that PKC, which is activated by DAG, controls the function of the Orco channel. To confirm the action of PKC, the authors tested three mutant versions of the Orco gene that were modified in different PKC phosphorylation sites. Finally, in an attempt to understand the in vivo situation, single sensilla recordings were performed in normal flies in response to odorants after the injection of excitatory or inhibitory agents for PLC and PKC. The findings were compatible with the observations obtained from cell culture experiments.
The authors point out that they are not seeking to determine in the article whether insect ORs are mixed ionotropic and metabotropic receptors (Wicher, 2010) or metabotropically modulated ionotropic receptors (Nakagawa and Vosshall, 2009 ); however, these results could represent a step toward addressing this question. The use of the Orco mutant clones generated in this work, when combined with ORs in heterologous systems or expressed in flies for in vivo studies, could serve as helpful tools in future investigations. Nevertheless, even if the binding of odorant molecules to the OR-Orco dimers does not directly activate a metabotropic cascade, the results reported in this article confirm an important role for a metabotropic component in olfactory reception.
The single sensilla recordings, performed after microinjection of various pharmacological agents, demonstrated that OSNs can be metabotropically affected by modulating phosphorylation, which is in agreement with the results obtained using transfected cells. In insects, it has been reported that a single OSN can have excitatory and inhibitory responses to different odorants (Hallem and Carlson, 2006) , but the mechanisms that explain this phenomenon are not known. The observed up-and downregulation of PLC/PKC may account,
